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We construct a viable extension of the SM with a heavy vector in the fundamental SU (2)L repre-
sentation and nine SM singlet scalar fields, consistent with the current SM fermion mass spectrum
and fermionic mixing parameters. The small masses for the active neutrinos are generated from ra-
diative seesaw mechanism at one loop level mediated by the neutral components of the heavy vector
as well as by the left handed Majorana neutrinos. We carry out an analysis of the predictions in
the lepton sector, where the model is only viable in the scenario of inverted neutrino mass ordering.
I. INTRODUCTION
In spite of its remarkable agreement with the experimental data, the Standard Model (SM) leaves unexplained several
issues such as, for example, the number of fermion families, the observed hierarchical fermion mass spectrum and
mixing angles, etc. Whereas the CKM quark mixing matrix is nearly diagonal thus implying small quark mixing
angles, the PMNS leptonic mixing matrix significantly deviates from the identity matrix thus giving rise to sizeable
leptonic mixing angles. The experimental data indicates that two of the leptonic mixing angles are large whereas one
mixing angle is Cabibbo sized, which contrast with the small values of the CKM paramters. In addition, the pattern
of fermion masses in the SM is extended over a range of about thirteen orders of magnitude ranging from the light
active neutrino mass scale up to the top quark mass. This is so called SM “flavor puzzle” which is left unaddressed
in the SM.
That SM “flavor puzzle” motivates to build models with additional scalars and fermions in their particle spectrum
and with an extended gauge group, supplemented by discrete flavour symmetries, which are usually spontaneously
broken, in order to generate the observed pattern of SM fermion masses and mixing angles. Recent reviews of discrete
flavor groups can be found in Refs. [1–5]. Several discrete groups such as S3 [6–32], A4 [33–76], S4 [77–94] , D4
[95–103], Q6 [104–114], T7 [115–124], T13 [125–128], T
′ [129–136], ∆(27) [137–160], ∆(54) [161], ∆(96) [162–164],
∆(6N2) [165–167] and A5 [168–179] have been implemented in extensions of the SM, to provide a nice description of
the observed pattern of fermion masses and mixing angles.
On the other hand, given the current lack of experimental evidence in favor of the traditional big paradigms of Physics
beyond the Standard Model, it seems prudent to explore more exotic paths. In recent years, for instance, some groups
have pay attention to spin-1 fields transforming in the fundamental representation of SU(2)L[180]. This kind of
field may naturally appear, for instance, in models such as: Higgs-Gauge Unification[181] and Composite Higgs[182].
The aim of this work is to show that such a new field can have an impact on neutrino Physics by providing a new
mechanism for the mass generation of the light active neutrinos.
In this paper, we extend the Standard Model by introducing a new vector doublet field. We treat it as matter field and
the resulting model is thought as an effective theory. In other words, we will not discuss the details of the dynamics
that generates this vector doublet field and its mass which is beyond the scope of this article. The consistency of such
a construction with perturbative unitarity and collider phenomenology have been studied elsewhere [183].
Additionally, we supplement SM gauge symmetry by including a S3 × Z2 × Z6 × Z8 × Z12 discrete group and the
particle content is extended to include nine SM scalars singlets, two left handed neutrinos NnL(n = 1, 2), singlets
under the SM gauge group and a SU (2)L doublet of heavy vectors. Our model is consistent with the SM fermion
masses and mixings. The effective neutrino mass matrix arises through radiative seesaw and the physical observables
of the lepton sector agree with their experimental values only for the scenario of inverted neutrino mass hierarchy.
The paper is organized as follows. In section II we explain our model. In Sec. III we focus on the discussion of quark
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2q1L q2L q3L u1R u2R u3R d1R d2R d3R
S3 1 1 1 1 1 1 1
′ 1′ 1′
Z2 0 0 0 0 0 0 0 0 0
Z6 0 0 0 0 0 0 3 3 3
Z8 −2 −1 0 2 1 0 2 1 0
Z12 0 0 0 6 6 0 0 0 0
Table I: Transformation properties of the quark fields under the S3 × Z2 × Z6 × Z8 × Z12 discrete group.
masses and mixing and give our corresponding results. In Sec. IV we discuss the implications of our model on lepton
masses and mixings. We conclude in section V. Appendix A provides a concise description of the S3 discrete group.
II. THE MODEL
We propose an extension of the Standard Model (SM) where the SM gauge symmetry is supplemented by the S3×Z2×
Z6×Z8×Z12 discrete group and the particle content is extended to include the SM scalars singlets ϕ, χ, ξ, η, σ, ρk(k =
1, 2), two left handed neutrinos NnL(n = 1, 2), singlets under the SM gauge group and a SU (2)L doublet of heavy
vectors. The full symmetry G of our model experiences the following two step spontaneous breaking:
G = SU (3)C × SU (2)L × U (1)Y × S3 × Z2 × Z6 × Z8 × Z12 (1)
⇓ Λint
SU(3)C × SU (2)L × U (1)Y
⇓ v
SU(3)C × U (1)Q
where the symmetry breaking scales satisfy the hierarchy Λint > v and v = 246 GeV is the electroweak symmetry
breaking scale.
The vector doublet is described by the following Lagrangian:
L = −1
2
(DµVν −DνVµ)† (DµV ν −DνV µ) +M2V V †µV µ
+ λ2(φ
†φ)(V †µV
µ) + λ3(φ
†Vµ)(V µ†φ) + λ4(φ†Vµ)(φ†V µ)
+ α1φ
†DµV µ + α2(V †µV
µ)(V †ν V
ν) + α3(V
†
µV
ν)(V †ν V
µ)
+ igκ1V
†
µW
µνVν + i
g′
2
κ2V
†
µB
µνVν + h.c. (2)
where φ is the standard Higgs doublet and Vµ is the new vector doublet.
Notice that the dimension-3 term α1φ
†DµV µ can be safely dropped out (or, equivalently, we can set α1 = 0) because
in that case an accidental Z2 symmetry opens up. In this way, the mixing of the new vectors and the gauge boson
is forbidden at tree level. The consequences of this Lagrangian (with α1 = 0) in absence of any other New Physics
was already studied in detail in Ref. [183]. In this work, we will explore the implications of these new vectors in the
generation of masses for light active neutrinos.
In our model the fermion sector is augmented by adding two heavy gauge singlet left handed Majorana neutrinos. The
transformation properties of the quark, lepton and scalar fields under the S3 ×Z2 ×Z6 ×Z8 ×Z12 discrete group are
indicated in Tables I, II and III, respectively. Here the dimensions of the S3 irreducible representations are specified
by the numbers in boldface and the different Z2 × Z6 × Z8 × Z12 charges are written in additive notation.
The S3 × Z2 × Z6 × Z8 × Z12 assignment of the heavy vector in the fundamental SU (2)L representation is:
Vµ ∼ (1, 1, 0, 0, 0) . (3)
From the point of view of the gauge symmetry, Vµ is assumed to transform as a matter field in the fundamental
representation of SU(2)L, i.e. Vµ → UVµ with U ∈ SU(2)L. Additionally, we assume that the hypercharge of the
3l1L lL l1R l2R l3R N1L N2L
S3 1
′ 2 1 1 1′ 1 1
Z2 0 0 0 0 0 1 1
Z6 0 0 0 0 0 3 3
Z8 −2 0 0 4 0 4 4
Z12 0 0 0 0 6 6 6
Table II: Transformation properties of the leptonic fields under the S3 × Z2 × Z6 × Z8 × Z12 discrete group.
φ ϕ χ ξ η σ ρ1 ρ2
S3 1 1 2 2 1 1 1 1
′
Z2 0 0 0 0 0 0 0 0
Z6 0 −2 0 −3 0 −3 0 0
Z8 0 −1 0 0 −1 −2 0 0
Z12 0 0 0 0 0 0 −3 −2
Table III: Transformation properties of the scalar fields under the S3 × Z2 × Z6 × Z8 × Z12 discrete groups.
new vector double is the same as the SM Higgs doublet. As a consequence, as we will see below, our model results to
be similar to the well known Two Higgs Doublet Model with the second scalar doublet replaced by a vector one.
With the particle spectrum previously specified, we get the following quark and lepton Yukawa terms as well as the
interaction terms of the heavy vector with the heavy left handed Majorana neutrinos:
L(q)Y = y(u)33 q3Lφ˜u3R + y(u)23 q2Lφ˜u3R
η
Λ
+ y
(u)
13 q1Lφ˜u3R
η2
Λ2
+y
(u)
32 q3Lφ˜u2R
ηρ21
Λ3
+ y
(u)
22 q2Lφ˜u2R
η2ρ21
Λ4
+ y
(u)
12 q1Lφ˜u2R
η3ρ21
Λ5
+y
(u)
11 q1Lφ˜u1R
η2ρ21
Λ4
+ y
(u)
21 q2Lφ˜u1R
η3ρ21
Λ5
+ y
(u)
11 q1Lφ˜u1R
η4ρ21
Λ6
+
3∑
j=1
3∑
k=1
y
(d)
jk qjLφdkR
η6−j−k (ξξξ)1′
Λ9−j−k
+ h.c, (4)
L(l)Y = y(l)11 l1Lφl1R
η2ρ32ϕ
4
Λ9
+ y
(l)
22
(
lLφχ
)
1
l2R
η4
Λ5
+ y
(l)
13 l1Lφl3R
η2ρ21
Λ4
+ y
(l)
23
(
lLφχ
)
1
l3R
ρ32
Λ4
+y
(l)
33
(
lLφχ
)
1′ l3R
ρ21
Λ3
+
1
2
2∑
n=1
mNnNnLN
C
nL + h.c, (5)
− LV lN =
2∑
n=1
y
(V )
1n l1Lγ
µVµNnL
ση4ρ21
Λ7
+
2∑
n=1
y
(V )
2n lLγ
µVµNnL
ξη4ρ21
Λ7
(6)
where y
(u,d)
ij (i, j = 1, 2, 3), y
(l)
11 , y
(l)
22 , y
(l)
13 , y
(l)
23 , y
(l)
33 , y
(V )
1n and y
(V )
2n are dimensionless quantities. Notice that, given
the quantum number assignments on the discrete group factors and the transformation properties of the fields under
the gauge symmetry, the coupling written in eq. (6) are the only ones allowed involving the new vector doublet and
fermions (excepting for higher dimensional operators).
From the interactions terms of the heavy vector with the heavy left handed Majorana neutrinos we find:
− LV lN ⊃
2∑
n=1
y
(V )
1n l1Lγ
µVµNnL
vσv
4
ηv
2
ρ1
Λ7
+
2∑
n=1
y
(V )
2n
(
l2L +
√
2l3L
)
γµVµNnL
vξv
4
ηv
2
ρ1
Λ7
. (7)
Besides that, as the hierarchy among charged fermion masses and quark mixing angles mass emerges from the breaking
of the S3×Z6×Z8×Z12 discrete group, we set the VEVs of the SM singlet scalar fields with respect to the Wolfenstein
4parameter λ = 0.225, and the model cutoff Λ, as follows:
vη ∼ vρ1 ∼ vρ2 ∼ vϕ ∼ vχ ∼ vξ = vσ = Λint = λΛ. (8)
The role of the different discrete group factors of the model is explained in the following. The S3, Z6, Z8 and Z12
discrete groups allow to reduce the number of model parameters and set the SM charged lepton mass hierarchy, which
is crucial to get viable textures for the lepton sector consistent with the current pattern of lepton masses and mixings,
as we will show in Section IV. We use the S3 discrete group because since it is the smallest non-Abelian group that
has been considerably studied in the literature. The S3, Z6, Z8 and Z12 symmetries determine the allowed entries of
the charged lepton mass matrix. In addition, the Z6 symmetry separates the S3 scalar doublet χ participating in the
charged lepton Yukawa interactions from the S3 doublet ξ that appear in the neutrino Yukawa terms. Furthermore,
the Z8 and Z12 symmetries are crucial for explaining the tau and muon lepton masses and for providing the Cabbibo
sized value for the reactor mixing angle θ13 as well as the Cabbibo sized corrections to the atmospheric mixing angle
θ23, without tuning the charged lepton Yukawa couplings. The smallness of the electron mass is explained by the
S3, Z6, Z8 and Z12 discrete symmetries. We use the Z12 discrete symmetry since it is the smallest cyclic symmetry
that glue ρ21 and ρ
3
2 with l3R, considering l3R charged under this symmetry. The Z2 symmetry, under which only
the Majorana neutrinos and the heavy vector are charged, is introduced in order to avoid a tree level type I seesaw
mechanism for the generation of the light active neutrino masses.
In order to get predictive and viable fermion sector, we assume that the S3 doublet SM singlet scalars χ and ξ have
the following VEV configurations:
〈χ〉 = vχ (1, 0) , 〈ξ〉 = vξ
(
1,
√
2
)
, (9)
The VEV configurations given above correspond to natural solutions of the minimization equations of the scalar
potential for the whole region of parameter space as shown in Ref. [25].
III. QUARK MASSES AND MIXINGS
From the quark Yukawa terms of Eq. (4), we get that mass matrices for the SM quarks are:
MU =
 a
(u)
11 λ
6 a
(u)
12 λ
5 a
(u)
13 λ
2
a
(u)
21 λ
5 a
(u)
22 λ
4 a
(u)
23 λ
a
(u)
31 λ
4 a
(u)
32 λ
3 a
(u)
33
 v√
2
, MD =
 a
(d)
11 λ
7 a
(d)
12 λ
6 a
(d)
13 λ
5
a
(d)
21 λ
6 a
(d)
22 λ
5 a
(d)
23 λ
4
a
(d)
31 λ
5 a
(d)
32 λ
4 a
(d)
33 λ
3
 v√
2
, (10)
with λ = 0.225 being one of the Wolfenstein parameters, v = 246 GeV the scale of breaking of the electroweak gauge
symmetry and a
(u,d)
ij (i, j = 1, 2, 3) are O(1) parameters. Since the charged fermion mass and quark mixing pattern
is caused by the spontaneous breaking of the S3 ×Z6 ×Z8 ×Z12 discrete group and in order to simplify the analysis,
we adopt the following scenario:
a
(u)
12 = a
(u)
21 , a
(u)
31 = y
(u)
13 , a
(u)
32 = y
(u)
23 ,
a
(d)
12 =
∣∣∣a(d)12 ∣∣∣ e−iτ1 , a(d)21 = ∣∣∣a(d)12 ∣∣∣ eiτ1 , (11)
a
(d)
13 =
∣∣∣a(d)13 ∣∣∣ e−iτ2 , a(d)31 = ∣∣∣a(d)13 ∣∣∣ eiτ2 , a(d)23 = a(d)32 .
Furthermore we set a
(u)
33 = 1, which is suggested by naturalness arguments.
For the quark mass matrices given above and considering the benchmark scenario previously described, we look for
the eigenvalue problem solutions reproducing the experimental values of the quark masses [184, 185], quark mixing
parameters and CP violating phase [186], under the condition that the effective parameters a
(u,d)
ij (i, j = 1, 2, 3) be
most close to O(1). Applying the standard procedure we find the following solution:
a
(u)
11 ' 0.58, a(u)22 ' 2.19, a(u)12 ' 0.67,
a
(u)
13 ' 0.80, a(u)23 ' 0.83, a(d)11 ' 1.96,
a
(d)
12 ' 0.53, a(d)13 ' 1.07, a(d)22 ' 1.93, (12)
a
(d)
23 ' 1.36, a(d)33 ' 1.35, τ1 ' 9.56◦, τ2 ' 4.64◦.
As shown in Table IV, the quark mass spectrum, [184, 185], quark mixing parameters and CP violating phase [186]
are in very good agreement with the experimental data.
5Observable Model value Experimental value
mu(MeV ) 1.44 1.45
+0.56
−0.45
mc(MeV ) 656 635± 86
mt(GeV ) 177.1 172.1± 0.6± 0.9
md(MeV ) 2.9 2.9
+0.5
−0.4
ms(MeV ) 57.7 57.7
+16.8
−15.7
mb(GeV ) 2.82 2.82
+0.09
−0.04
sin θ12 0.225 0.225
sin θ23 0.0412 0.0412
sin θ13 0.00351 0.00351
δ 64◦ 68◦
Table IV: Model and experimental values of the quark masses and CKM parameters.
νi NnL N¯ cnL νj
V 0µ
vξ, vσ, vρ1 vξ, vσ, vρ1
Figure 1: Loop diagram illustrating the generation of the light active neutrino mass. Here n = 1, 2 and j = 1, 2, 3.
IV. LEPTON MASSES AND MIXINGS
From the interactions terms of the heavy vector with the heavy left handed Majorana neutrinos of Eq. (7), it follows
that light active neutrino masses are generated from a one loop level radiative seesaw mechanism mediated by the
left handed Majorana neutrinos and by the real and imaginary parts of the neutral components of the heavy vector
in the fundamental SU (2)L representation, as illustrated in Fig. 1. Thus, the elements of the light active neutrino
mass matrix take the form:
(Mν)11 =
2∑
n=1
(
y
(V )
1n
)2
f (mReV 0 ,mImV 0 ,mNn)
(vξ
Λ
)2 (vη
Λ
)8 (vρ1
Λ
)4
mNn ,
(Mν)22 =
2∑
n=1
(
y
(V )
2n
)2
f (mReV 0 ,mImV 0 ,mNn)
(vξ
Λ
)2 (vη
Λ
)8 (vρ1
Λ
)4
mNn = 2 (Mν)11 ,
(Mν)12 = (Mν)21 =
2∑
n=1
(
y
(V )
1n
)(
y
(V )
2n
)
f (mReV 0 ,mImV 0 ,mNn)
(vξ
Λ
)2 (vη
Λ
)8 (vρ1
Λ
)4
mNn = (Mν)11
(Mν)13 = (Mν)31 =
√
2
2∑
n=1
(
y
(V )
1n
)(
y
(V )
2n
)
f (mReV 0 ,mImV 0 ,mNn)
vξvσ
Λ2
(vη
Λ
)8 (vρ1
Λ
)4
mNn
(Mν)23 = (Mν)32 =
√
2
2∑
n=1
(
y
(V )
2n
)2
f (mReV 0 ,mImV 0 ,mNn)
vξvσ
Λ2
(vη
Λ
)8 (vρ1
Λ
)4
mNn
(Mν)33 = 2
2∑
n=1
(
y
(V )
2n
)2
f (mReV 0 ,mImV 0 ,mNn)
(vσ
Λ
)2 (vη
Λ
)8 (vρ1
Λ
)4
mNn (13)
From the terms given above and the relations given by Eqs. (8) and (13), we find that the charged lepton and light
6active neutrino mass matrices are respectively given by:
Ml =
v√
2
 a1λ9 0 a4λ40 a2λ5 a5λ4
0 0 a3λ
3
 , (14)
Mν =
 Z Y
√
2Y
Y X
√
2X√
2Y
√
2X 2X
 ,
'
2∑
n=1

(
y
(V )
1n
)2
y
(V )
1n y
(V )
2n
√
2y
(V )
1n y
(V )
2n
y
(V )
1n y
(V )
2n
(
y
(V )
2n
)2 √
2
(
y
(V )
2n
)2
√
2y
(V )
1n y
(V )
2n
√
2
(
y
(V )
2n
)2
2
(
y
(V )
2n
)2
λ14f (mReV 0 ,mImV 0 ,mNn)mNn (15)
where a1, a2, b1, c1, y
(V )
1n and y
(V )
2n are O(1) dimensionless quantities, whereas X, Y , Z are dimensionful parameters
which are given by the following relations:
X '
2∑
n=1
(
y
(V )
2n
)2
λ14f (mReV 0 ,mImV 0 ,mNn)mNn , (16)
Y '
2∑
n=1
(
y
(V )
1n
)(
y
(V )
2n
)
λ14f (mReV 0 ,mImV 0 ,mNn)mNn , (17)
Z '
2∑
n=1
(
y
(V )
1n
)2
λ14f (mReV 0 ,mImV 0 ,mNn)mNn , (18)
being f (mReV 0 ,mImV 0 ,mNn) a one loop function:
f (mReV 0 ,mImV 0 ,mNn) =
Λ2
m2ReV 0
− Λ
2
m2ImV 0
+
m2ReV 0
m2ReV 0 −m2Nn
ln
(
m2ReV 0
m2Nn
)
(19)
− m
2
ImV 0
m2ImV 0 −m2Nn
ln
(
m2ImV 0
m2Nn
)
+
(
m4Nn
m2ReV 0(m
2
ReV 0 −m2Nn)
− m
4
Nn
m2ImV 0(m
2
ImV 0 −m2Nn)
)
ln
(
Λ2 +m2Nn
m2Nn
)
.
The charged lepton masses, the neutrino mass squared splittings and the leptonic mixing parameters can be very
well reproduced for the scenario of inverted neutrino mass ordering in terms of natural parameters of order one, as
shown in Table V, starting from the following benchmark point:
a1 ' 1.96168, a2 ' 1.03698, a3 ' 0.84294, |a4| ' 1.00752, arg (a4) ' 218◦,
a5 ' −0.597641, X ' 16.5289 meV, Y ' −0.219701 meV, Z ' 49.5616 meV, (20)
which corresponds to the eigenvalue problem solutions reproducing the experimental values of the neutrino mass
squared splittings and leptonic mixing parameters. From the values of the X, Y and Z parameters given above,
it is possible to extract, using the light active neutrino mass matrix elements, the mass of the left-handed sterile
neutrinos (mN ) for given values of neutrino–heavy-vector coupling and masses for the real and imaginary parts of
the neutral components of the heavy vector. As an illustration, we fix the masses of the real and imaginary parts
of the neutral components of the heavy vector as mImV 0 = 1 TeV, mReV 0 = 0.99 TeV and we consider a neutrino–
heavy-vector coupling constant of order unity. For this case we found mN = 357.6 MeV. Thus, the heavy vector will
decay into an active neutrino and sterile neutrino. Hence in that scenario, the sterile neutrino could be a sub-GeV
Dark matter candidate. A very recent work dealing with a sub-GeV dark matter candidate in a strongly interacting
massive particle scenario is provided in Ref. [188]. In our analysis we have set Λ = 3 TeV, which is a typical value for
the cutoff scale in this kind of models with heavy resonances [189–196]. A detailed study of the implications of our
model at colliders and dark matter goes beyond the scope of this paper and is deferred for a future work. Studies of
Heavy Majorana neutrino pair production at the LHC in the framework of a very general anomaly free U(1)X model
7Observable Model value
Experimental value
1σ range 2σ range 3σ range
me [MeV] 0.487 0.487 0.487 0.487
mµ [MeV] 102.8 102.8± 0.0003 102.8± 0.0006 102.8± 0.0009
mτ [GeV] 1.75 1.75± 0.0003 1.75± 0.0006 1.75± 0.0009
∆m221 [10
−5eV2] (IH) 7.55 7.55+0.20−0.16 7.20− 7.94 7.05− 8.14
∆m213 [10
−3eV2] (IH) 2.42 2.42+0.03−0.04 2.34− 2.47 2.31− 2.51
δ [◦] (IH) 309.719 281+23−27 229− 328 202− 349
sin2 θ12/10
−1 (IH) 3.20 3.20+0.20−0.16 2.89− 3.59 2.73− 3.79
sin2 θ23/10
−1 (IH) 5.33 5.51+0.18−0.30 4.91− 5.84 4.53− 5.98
sin2 θ13/10
−2 (IH) 2.248 2.220+0.074−0.076 2.07− 2.36 1.99− 2.44
Table V: Model and experimental values of the charged lepton masses, neutrino mass squared splittings and leptonic mixing
parameters for the inverted (IH) mass hierarchy. The model values for CP violating phase are also shown. The experimental
values of the charged lepton masses are taken from Ref. [184], whereas the range for experimental values of neutrino mass
squared splittings and leptonic mixing parameters, are taken from Ref. [187].
have been performed in Refs. [197, 198]. In those U(1)X models, a linear seesaw mechanism at tree and one loop
level can be implemented to generate the masses for the light active neutrinos and the dark matter relic density can
be accommodated by having a scalar dark matter candidate that annihilates into lepton-antilepton pair, where the
exchange of charged exotic leptons in the t and u channels mediates this annihilation process, as done in Ref. [199].
In addition, we found a leptonic Dirac CP violating phase of −50.28◦ and a Jarlskog invariant close to about −2.25×
10−2 for the inverted hierarchy. Now, let us consider the effective Majorana neutrino mass parameter:
mee =
∣∣∣∣∣∣
∑
j
U2ejmνj
∣∣∣∣∣∣ , (21)
being Uej the elements of the PMNS matrix and mνj the Majorana neutrino masses. The neutrinoless double beta
(0νββ) decay amplitude is proportional to mee. With the model best fit values in Table V we find
mee ' 15.3434 meV . (22)
This is within the declared reach of the next-generation bolometric CUORE experiment [200] or, more realistically, of
the next-to-next-generation ton-scale 0νββ-decay experiments. The current most stringent experimental upper limit
mee ≤ 160 meV is set by T 0νββ1/2 (136Xe) ≥ 1.1× 1026 yr at 90% C.L. from the KamLAND-Zen experiment [201].
V. CONCLUSIONS
We have built a viable and predictive extension of the SM with a heavy vector in the fundamental SU (2)L rep-
resentation and nine gauge singlet scalars that successfully explains the observed fermion mass spectrum and mix-
ing parameters at low energies. The model incorporates the S3 family symmetry, which is supplemented by the
S3×Z2×Z6×Z8×Z12 discrete group. The observed hierarchical structure of the SM charged fermion mass spectrum
and mixing parameters comes from the spontaneous breaking of the S3×Z2×Z6×Z8×Z12 discrete group. The masses
for the light active neutrinos are generated via a one loop level radiative seesaw mechanism. The obtained quark mass
spectrum, CKM parameters, CP violating phase are compatible with their experimental values, whereas the resulting
leptonic mixing parameters agree with current neutrino data only in the case of inverted ordering, featuring in this
scenario an excellent agreement. Furthermore, an effective Majorana neutrino mass parameter of mee ' 15.3 meV is
predicted by our model in the scenario of inverted neutrino mass spectrum.
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8Appendix A: The product rules for S3.
The S3 discrete group contains 3 irreducible representations: 1, 1
′ and 2. Considering (x1, x2)
T
and (y1, y2)
T
as the
basis vectors for two S3 doublets and y´ an S3 non trivial singlet, the multiplication rules of the S3 group for the case
of real representations take the form [1]:(
x1
x2
)
2
⊗
(
y1
y2
)
2
= (x1y1 + x2y2)1 + (x1y2 − x2y1)1′ +
(
x2y2 − x1y1
x1y2 + x2y1
)
2
, (A1)
(
x1
x2
)
2
⊗ (y´)1′ =
(
−x2y´
x1y´
)
2
, (x´)1′ ⊗ (y´)1′ = (x´y´)1 . (A2)
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